ABSTRACT-When a conductive material is subjected to a time-varying magnetic flux, eddy currents are generated in the conductor. These eddy currents circulate inside the conductor generating a magnetic field of opposite polarity as the applied magnetic field. The interaction of the two magnetic fields causes a force that resists the change in magnetic flux. However, due to the internal resistance of the conductive material, the eddy currents will be dissipated into heat and the force will die out. As the eddy currents are dissipated, energy is removed from the system, thus producing a damping effect. There are several different methods of inducing a time-varying magnetic field, and from each method arises the potential for a different type of damping system. Therefore, the research into eddy current and magnetic damping mechanisms has led to a diverse range of dampers, many of which are detailed in this paper. The majority of the research in eddy current damping has taken place in the area of magnetic braking. A second topic that has received significant interest is the use of eddy current dampers for the suppression of structural vibrations. However, much of this research is not concentrated in one area, but has been applied to a variety of different structural systems in a number of distinct ways. In this paper, we review the research into various types of eddy current damping mechanisms and we discuss the future of eddy currents with some potential uses that have not yet been studied.
Introduction
When a non-magnetic conductive material experiences a time-varying magnetic field, eddy currents are generated in the conductor. This time-varying magnetic field can be induced either by movement of the conductor in the field or by changing the strength or position of the source of the magnetic field. Once the eddy currents are generated, they circulate in such a way that they induce a magnetic field with opposite polarity as the applied field, causing a repulsive force. However, due to the electrical resistance of the conducting material, the induced currents will dissipate into heat at the rate of I 2 R and the force will disappear. In the case of a dynamic system, the conductive metal is continuously moving in the magnetic field and experiences a continuous change in flux that induces an electromotive force (emf), allowing the induced currents to regenerate and in turn produce a repulsive force that is proportional to the velocity of the conductive metal. Since the currents are dissipated, energy is being removing from the system, thus allowing the magnet and conductor to function like a viscous damper.
One of the most useful properties of an eddy current damper is that it forms a means of removing energy from the system without ever contacting the structure. This means that unlike other methods of damping, such as constrained layer damping, the dynamic response and material properties are unaffected by its addition into the system. Furthermore, many applications require a damping system that will not degrade in performance over time. This is not the case for other viscous dampers; for instance, many dampers require a viscous liquid which may leak over time. These two points are just a few of the many advantages offered by eddy current damping systems. In this paper we detail much of the work that has been performed in the area of eddy current damping and we detail many more advantages of these types of damping systems. The most widely researched and well-developed area of eddy current damping systems falls in the category of magnetic braking. While the research in this area will be thoroughly discussed, the literature is very dense and every paper cannot be reviewed. The work in magnetic braking will be presented first, followed by studies into eddy current damping of rotating machinery, and finally a wide range of research using eddy currents for dynamic systems will be presented. The concept of using eddy currents for damping purposes has been known for a considerable time, with manuscripts dating to the late 1800s. Therefore, the history of the eddy current damper will not be presented and only work from the past few decades will be reviewed.
Eddy Current Breaking
Eddy current breaking typically uses the rotational movement of a conductive medium between two oppositely poled magnets to induce an emf in the material. A schematic diagram showing this concept is provided in Figure 1 . By configuring the two oppositely poled magnets as shown in Figure 1 , the magnetic field is concentrated in the gap between the two magnet surfaces, therefore causing the conductive material passing through this region to experience the maximum change in magnetic flux and thus inducing the greatest eddy currents and damping force. For this reason, the arrangement of the magnets and conductor's motion as shown in Figure 1 provides the optimal eddy current damping system. For magnetic braking purposes, this configuration fits the system well and has been investigated by numerous researchers. One early study into eddy current breaking was performed by Davis and Reitz (1971) , who examined the forces induced on a magnet moving over the surface of both a semi-infinite and a finite conducting medium. Their research utilizes an image concept proposed by Sommerfeld (1889) to allow the induced eddy currents in a finite conducting disk to be calculated. The results provide the Green functions that could not be calculated by Sommerfeld (1889) and propose an approximate solution to the case of a finite dimension conducting sheet of finite conductivity, which causes difficulties in the solution due to the decay in eddy current density from joule heating. Later, Schieber (1974) analytically predicted the braking torque on a finite rotating conductive sheet and performed experiments to identify the accuracy of the modeling techniques. The results showed that the model and the experiments were in good agreement; however, it is speculated that the use of an oversimplified magnetic flux density over the magnet's projected pole was responsible for degraded results. Additionally, the study used the experimental setup and model to determine the optimal radial placement of the magnet and found it to be in agreement with results presented in previous research, thus indicating the functionality of the experimental setup and accuracy of the model. Subsequent to this study, Schieber continued his research in eddy current breaking and published a paper (Schieber, 1975) that analytically found the optimal size of a rectangular electromagnet for eddy current braking. However, the braking force was not applied to a rotating disk but rather to an infinitely large plate and an infinitely long beam moving between the two magnets. In this study he found that the optimal ratio of the length to the width (where the length is in the direction of motion) is in the range of 0.34-0.44 for the case of an infinitely long beam and approximately 0.5 for an infinitely large plate.
As time progressed into the mid and late 1980s, the ability to solve the complex mathematical problems defining the interaction between the magnetic flux and structure was facilitated by the advancements in computers. Additionally, the strength of permanent magnets became increasingly larger, making the eddy current breaking systems more effective, smaller and lower in weight, thus causing the system to be compatible with smaller machines. These advances allowed the use of eddy currents for braking of dynamic systems to increase in popularity and receive more attention. Nagaya et al. (1984) investigated the eddy current damping force induced on a conducting plate of arbitrary finite size moving with a velocity parallel to the face of a cylindrical magnet. To account for the boundary conditions of the conducting plate, the Fourier expansion collocation method was used, which provides no restrictions on the conductor shape. Additionally, experimental tests were performed using a pendulum with various shaped conducting plates. The damping ratio could be calculated by displacing the pendulum a small amount then releasing it and applying the log decrement to the measured settling response. Using this experimental setup, the model was numerically solved and shown to be in good agreement with the experiments. To allow for an analytical solution, the authors make the assumption that the magnetic fields are made up of small narrow circular bands of constant intensity. Thus, the exact magnetic density over the whole surface of the conductors with a complicated shape could not be considered. They state that due to this assumption, the model is only accurate for conductors of which the area is about 10 times the cross-sectional area of the magnet. Furthermore, the authors assume that the eddy currents generated through the thickness of the conductor are zero because of the conductor's small thickness. However, through experiments it was found that this assumption is only valid for conductors with a thickness of under 5 mm. Wiederick et al. (1987) proposed a simple theory for the magnetic braking force induced by eddy currents in a thin rotating conductive disk passing through the poles of an electromagnet. Their model found the damping force to be linearly related to the velocity, conductivity and air gap, but quadratically dependent on the magnetic flux. The proposed model does not consider the effects of the edge of the conducting plate, and while the paper provides an experimental study, it does not validate the accuracy of the model well. Additionally, when formulating the model the authors made two assumptions: that the infinite disk is moving linearly rather than rotating and that the eddy current density within the rectangular "footprint" of the electromagnet is uniform and zero elsewhere. Subsequent to the publication of Wiederick et al. (1987) , Heald (1988) took the model proposed by Wiederick et al. (1987) and formulated expressions that alleviated the need to assume a constant eddy current density in the "footprint" of the electromagnet and zero elsewhere. The results of the improved model were compared to those found by Wiederick et al. (1987) and were shown to increase the accuracy from 96.3% to 99.4%.
Rather than study the effect of eddy currents on a rotating system, Cadwell (1996) investigated the braking force exerted on an aluminum plate as it passes between the poles of a horseshoe electromagnet. A simple model of the system was developed that leaves the length of the eddy current path as an unknown parameter, which is fit using the experimentally obtained results. By adjusting the length of the eddy current, the damping force induced on the aluminum plate can be varied. Due to the use of a fitting parameter, the true accuracy of the model is not presented in Cadwell's results. Experiments were performed by sliding a cart with a vertical aluminum plate attached down an air track. The position, velocity and acceleration of the cart were measured to determine the damping force applied to the cart as it passed between the poles of the electromagnet. After performing the experiments, Cadwell found the length of the eddy current path to be slightly less than the vertical height of the effective magnetic field. Additionally, it is stated that the magnitude of the eddy current was over 1000 A, but the resistance of the path taken is only 3.5 × 10 -6 , thus resulting in a power dissipation of 12 W.
As the modeling techniques for eddy current braking processes improved in accuracy, control techniques could be used to adjust the braking force of the system. One such controller was designed and implemented by Simeu and Georges (1996) to actively vary the intensity of the electromagnet and thus control the speed on the rotating system. This study uses the idea discussed by Wouterse (1991) that the eddy current brake's behavior falls in one of three regimes: the low-speed region when the magnetic induction caused by the eddy current pattern is negligible compared to the original induction and the air gap magnetic induction is then slightly less than that generated at zero speed; the critical-speed region, which is the speed zone at which the maximum drag force is exerted and the induction caused by the eddy current pattern is no longer negligible compared with the zero speed induction; and finally the high-speed region, where the mean magnetic induction in the air gap tends to decrease further and, as the speed increases to infinity, the original magnetic induction will be completely canceled out by the induced eddy currents. Using the first of the three different behavior regimes (low speed), static and dynamic feedback compensator schemes were proposed and implemented to control the speed of the rotating disk in the presence of an unknown varying braking resistance torque. The results showed that by varying the eddy current braking force the speed of the rotating wheel could accurately follow a reference speed even in the presence of a disturbance torque. Additionally, it was demonstrated that both control schemes functioned well, but the dynamic feedback controller was more effective than the static. Lee and Park (1999) also investigated the design of an eddy current brake controller. However, their system was not intended to maintain a fixed speed, but to minimize the stopping time. They suggest that for the control system to be applicable to an automobile braking system, it should have the ability to apply a braking force that is dependent on different road conditions. Therefore, a sliding mode controller was designed to allow the maximum braking force to be adjusted depending on the road condition. After modeling the eddy current braking system, the control scheme was simulated. The results of the simulation showed that the braking system performed very well in the high-speed region, but the eddy current damping force is proportional to velocity, so as the speed decreases the current applied to the electromagnet must be increased. Once the current was raised to the saturation level of the electromagnet, the braking performance fell off quickly. However, Lee and Park state that the average deceleration before saturating the electromagnet was 0.8 g, which is higher than the 0.5 g value suggested by the National Association of Australian State Road Authority. The simulation was then compared to experiments that measured the stopping time of a rotating conductive disk. It was shown that the laboratory simulation and model matched very well. In the high-speed range, the performance of the eddy current braking system was shown to be superior to the hydraulic brakes typically used in automobiles because of a fast response time and, due to their non-contact nature, they alleviate the need for regular maintenance. This paper shows that in the high-speed region the eddy current baking system is feasible for use in an automobile; however, it would be necessary to have a hydraulic system in the low-speed region.
More recently, Lee and Park (2001a; 2001b; ) have developed a model for an eddy current braking system that allows for an analytical solution to the problem. The model allows for one or more separate magnets to apply a magnetic field to the rotating conductor. The electric field intensity was first computed, and then the concept of the mirror image was introduced to account for the edge effects caused by a finite radius of the rotating disk. The image method works by taking the predicted eddy current density and rotating it about the edge of the conductor to create an imaginary eddy current density, which is then subtracted from the originally predicted density to arrive at a net eddy current density (this process is shown in Figure 2 ). Lee and Park use a lumped formulation of the radial component of the eddy current density in the pole projection area and neglect the tangential component for the net eddy current density. It is stated that the tangential component is expected to be smaller than the radial component, and therefore only the radial component is included for convenience. To obtain the expression for the net eddy current, the radial component of the eddy current density was numerically integrated. Additionally, the magnetic Reynolds number (the ratio of induced magnetic flux to the applied magnetic flux) was used with the expression of the net magnetic flux density assumed to be an exponential function. The applied braking force and torque were then calculated and the model was compared to experimental results. It was found that the model compared very well to the experimental results, with some discrepancy occurring when multiple magnetic sources were placed in close proximity. The errors are believed to be caused by calculating the total net magnetic eddy current in one pole projection area without including the effects on the magnetic Reynolds number from other pole projection areas.
Magnetic Damping of Rotor Vibration
A second application of eddy current damping with rotational systems is the suppression of lateral vibrations of rotor shafts. A major source of rotating equipment failure occurs due to slight imbalances in the rotor causing a sort of self-excitation. The magnets in the eddy current dampers used for the suppression of rotational vibrations are configured in the same manner as those used in magnetic braking applications. Gunter et al. (1983) investigated the design of an eddy current damping system for the cryogenic pumps used to deliver the liquid fuel to the main engines of the space shuttle. These pumps are susceptible to subsynchronous whirl, which can be extremely destructive and has been responsible for bearing failures and severe rubs in the seals, resulting in premature engine shutdowns and limited operation of the turbo pumps. Gunter et al. used the idea that at the very low operating temperature of the cryogenic pumps the resistivity of the conductor is decreased allowing larger damping forces to be generated. The damping concept was modeled using a rough finite element code and the damper's performance was estimated. They state that the damping generated by the system was sufficient to help suppress the rotor vibration; however, the results presented are hard to decipher.
Like Gunter et al. (1983) , Cunningham (1986) studied the use of eddy current dampers to suppress the lateral vibration experienced by the cryogenic turbomachinery used in space shuttles. Three magnet/conductor combinations were tested on a rotor operated between 800 and 10,000 rpm with the damping mechanism completely immured in liquid nitrogen. The experimental setup was constructed and tests were performed to determine the damper's performance. Using three different sized magnets, it was shown in the best case that the damping coefficient could be increased from 70 to 500 ns m -1 in the X-direction and from 110 to 320 ns m -1 in the Y-direction. The increase in damping coefficient was also calculated using theoretical analysis to provide an average accuracy of within 28.7% in the X-direction and 10.7% in the Y-direction.
Frederick and Darlow (1994) looked at using an eddy current damper to replace the Coulomb or squeeze film dampers typically used in rotating machinery, whose damping properties typically change with temperature and cause additional torque loading and wear. The damping system consisted of a horseshoe electromagnet that had a conductive disk rotating between the magnetic poles. The study was purely experimental and showed that the peak-to-peak response was reduced in the X-direction by 15.6% and in the Y-direction by 27.5%. While the results of the experiments are feasible, Frederick and Darlow state that the damper does not cause any rotational loading. This comment seems to be completely incorrect because the configuration of the damping system does not differ from a magnetic braking system at all, and therefore must produce a drag force on the rotation of the disk. Klingerman et al. (1998a; 1998b) and Klingerman and Gottlied (1998) published a series of papers investigating the instability in rotor dynamics caused by the use of electromagnetic eddy current dampers. The first study of the series (Klingerman et al., 1998a) theoretically and experimentally showed that eddy current dampers are not effective for use in rotating systems that are operating in the supercritical range, because the dampers can induce unstable operation. However, it is stated that the eddy current damper does form an effective vibration reduction mechanism for subcritical operation. Klingerman et al. state that the instability is caused by the rotation of the conductive disk in the magnetic field and that if the rotation of the disk can be eliminated, the damper would function throughout all operating conditions. To validate this statement, an experiment was performed where the rotating disk was detached from the shaft and mounted to a bearing, thus allowing the disk to spin freely. Due to the eddy current braking effect, the disk's rotation was almost completely eliminated, allowing their prediction to be tested. The test results showed that indeed the rotation of the conductor between the magnets was responsible for the destabilizing effect, and that the damper's effectiveness improved with an increase in current applied to the electromagnet. The stability of the shaft with a freely rotating conductor was evident through the supercritical range. Klingerman et al. (1998b) continued his research into rotating systems with eddy current dampers by studying the system stability with a non-linear cubic restoring force at the shaft supports. Using a numerical analysis, it was determined that the rotating system becomes unstable via a Hopf bifurcation when a specific supercritical angular velocity is reached. The frequency threshold for instability is provided and is related to the magnetic damping coefficient, the system damping coefficient, and the natural frequency of the shaft. The analysis also provides a closed-form solution for the radius of the limit cycle. Furthermore, the study found that in low-speed operation the forced unbalanced response consists of periodic vibration corresponding to the system's rotational frequency, but high-speed operation was shown to be governed by coexisting quasi-periodic solutions. Later, Klingerman and Gottlieb (1998) determined that the influence of non-linear damping is negligible near the stability threshold.
The use of an active control system to suppress the lateral vibration of a rotating system was studied by Fung et al. (2002) . A rotating shaft with circular disks was analyzed using the Timoshenko beam and Euler beam models to determine the effectiveness of three control algorithms, quadratic, non-linear, and optimal feedback, for vibration suppression of the shaft. It was found that non-linear feedback control provided the best settling time and that optimal feedback control generated the smoothest control current input. For the system studied, it was determined that the eddy current damper could be used to suppress the flexible and shear vibration simultaneously, and that system remained asymptotically stable.
Eddy Current and Magnetic Damping of Vibrations
While the single most prominent application of eddy currents for suppressing dynamic motion has come in the form of magnetic braking, numerous studies have been performed that utilize eddy current damping for the suppression of vibrations in a range of applications. In this section we do not concentrate on a single application, but detail some of the many research applications that have been performed in the area of magnetic damping. Karnopp (1989) introduced the idea that a linear electrodynamic motor consisting of coils of copper wire and permanent magnets could be used as an electromechanical damper for vehicle suspension systems. Karnopp presented the ability to use a moving coil and a moving magnet actuator as the damping mechanism and employed some rough calculations to identify the system performance; however, no experiments were performed to validate the calculations. Karnopp showed that his actuator could be much smaller and lighter than conventional actuators while still providing effective damping in the frequency range typically encountered by road vehicle suspension systems. Kienholz et al. (1994) developed a tuned mass damper vibration absorber to suppress the vibration of a solar sail array. The frequency range of interest was between 0.1 and 1.0 Hz, and thus the spring element of the system was required to have a very low stiffness and large stroke. Because the stroke of the absorber was very large (8 in) and most dampers would add stiffness to the structure, the choice of damping mechanism was difficult. The solution was the use of magnetic dashpots that were constructed with two shallow horseshoe permanent magnets and a copper conductor passing between the poles of the magnets as the mass of the vibration absorber moved. Kienholz et al. chose the damping ratio of the magnetic dashpot to minimize the occurrence of split-mode behavior by maximizing the splitmode damping ratio. To facilitate the identification of the damping ratio for each damper, the program AMPERES was used to simulate the three-dimensional magnetic flux of the magnet using boundary element techniques. For the structure in question, two tuned mass dampers were constructed for the two lowest modes of the structure. After dynamic testing of the solar array it was found that in the two targeted modes (first torsion at 0.153 Hz and first outof-plane bending of 0.222 Hz) the damping was increased by 30 and 28 dB, respectively, while the higher-frequency untargeted modes in the range of 0.4-0.8 Hz were damped between 11 and 16 dB. These results indicate the high damping forces that can be achieved using magnetic damping techniques.
In a later study, Kienholtz et al. (1996) once again investigated a magnetic damping system for use in space. They focused on the development of a vibration isolation system to protect a large optical instrument intended for the Hubble telescope from the harsh vibrations experienced during shuttle launch that may damage the sensitive equipment. The isolation system uses eight telescoping struts consisting of a titanium coil spring and a passive damper. The passive damping system used in this application consisted of four permanent magnet rings and a conductive tube. Two magnetic rings fitted inside and two outside the conductive tube, allowing eddy currents to be generated as the strut was extended and compressed. This particular type of damping system was chosen because it did not require any liquid that could leak during operation, had low friction (because of its non-contact nature, no friction is present from the damper), and provided small variation in damping over a fairly wide range of temperatures. Each strut was placed inside the constant temperature chamber to determine the variation in effectiveness as the temperature was varied. It was found that over the temperature range tested, the eddy current damper strut performed inside the design limits, but the force/velocity ratio of the damper significantly varied with temperature (causing the ratio to increase at lower temperatures). It is expected that through the use of magnetic dampers the isolation system would have a maintenance-free life of 20 years. Kobayashi and Aida (1993) also investigated the use of a vibration absorber that utilized a passive eddy current damper. For their system a Houde damper, which consists of only a mass and damping element was used. Because this vibration absorber does not have a spring it does not have a natural frequency and thus does not require tuning to the structure. They developed an analytical model of the damper that simulates the system as a concentrated mass and linear dashpot. The Houde damper developed in this paper is intended to be placed on pipes in industrial buildings to reduce the vibration and noise generated by them. Therefore, experiments were performed on a 2.4 m pipe to determine the vibration suppression capabilities. It was found that the first bending mode of the beam was reduced linearly by a factor of 8-10 with displacements ranging from 0.4 to 4 mm. Furthermore, the damping ratio of the pipe was increased by 2%. The effectiveness of an eddy current damper for use in vibration isolation systems was shown by Schmid and Varga (1992) , who used eddy current dampers for high-resolution and nanotechnology devices such as scanning tunneling microscopes.
Many authors have studied the effect of a conductive beam or plate subjected to a strong magnetic field. Tani et al. (1990) numerically determined the dynamic behavior of thin conductive plates with a crack under both impulsive and continuous magnetic fields generated by an electromagnet positioned a small distance perpendicular to the surface of the plate. They showed that when the impulsive magnetic field is applied to the structure, it begins to vibrate, and through experiments the finite element code was shown to produce results with fair agreement. Morisue (1990) and Tsuboi et al. (1990) also investigated the effect of an applied magnetic field on a conducting cantilever beam and analyzed the beam's response. The response was predicted using finite difference methods and the results were found to compare well with experiments performed at the Argonne National Laboratory. In a similar study Takagi et al. (1992) studied the deflection of a thin copper plate subjected to magnetic fields both analytically and experimentally. They used an electromagnet with very high current (several hundred amperes) to generate the magnetic field, then analyzed the response of the plate to the applied field. The dynamic stability of a beam plate subjected to transverse magnetic fields was investigated by Lee (1996) . The theory of a magnetoelastic plate immersed in a transverse magnetic field was developed and used to determine that three regions of stability existed: damped stable oscillation, static asymptotic stability, and static divergence instability. The buckling field was also found to exhibit a linear dependence on the geometry of the ratio of the thickness and length of the beam plate. These studies have investigated the effect of subjecting a conductive material to a magnetic field rather than directly showing the damping effect, however the research does show that eddy currents can be used for active control purposes. Larose et al. (1995) performed a study into the ability to use passive eddy current dampers to suppress the vibration of a bridge structure. A scaled model of the approach ramp to a suspension bridge, which consisted of six separate spans, was constructed and wind tunnel tests were performed to determine the vibrations induced in the bridge when excited by aerodynamic vortices. The eddy current damper consisted of a permanent magnet mounted on the tip of a beam whose length could be varied to adjust the stiffness. In close proximity to the surface of the permanent magnet was an aluminum plate which facilitated the generation of the eddy currents. Using this damper configuration, each of the first six modes had two absorbers tuned to provide damping of the corresponding frequency, resulting in a total of 12 vibration absorbers fixed to the six different spans of the structure. With each of the magnetic dampers properly tuned, it was found that the global vibration of the system could be damped out, provided that the tuned mass damper was positioned on the span at the maximum modal amplitude. If the particular vibration absorber tuned to a specific mode was not placed at the span with the maximum modal amplitude, then only the vibration of that span would be damped.
With the advances in superconductor materials, many more systems are beginning to use superconducting levitation for bearings, vibration isolation systems and non-contact transportation systems. However, when an object is in levitation a very small amount of damping is present, thus potentially causing issues in practical systems and making the device susceptible to long settling times. Teshima et al. (1997) investigated the use of eddy currents to damp out the vibration of the suspended structure. To demonstrate the effectiveness of eddy current damping for this application, a permanent magnet ring was levitated over a superconducting material resting on a table exited by a shaker. The levitating force between the superconductor and the permanent magnet acts as a sort of spring, causing the vibration of the superconductor to be transferred to the permanent magnet as undamped base motion. To induce damping in the system, various thickness copper plates were placed between the superconductor and the levitating magnet. The effect of the conducting plate was that as the levitating magnet began to vibrate, eddy currents were generated in the copper plate and the magnets vibration was damped out. Teshima et al. found that the damping ratio of the system could be increased from approximately 0.005 to 0.5, or by about 100 times. While it was found that this damper configuration functioned well for vertical vibrations, it was determined that horizontal vibrations were unaffected by the damper, indicating the need for additional components along the side of the levitating structure. Matsuzaki et al. (1997) proposed the concept of a new vibration control system in which the vibration of a beam periodically magnetized along the span is suppressed using electromagnetic forces generated by a current passing between the magnetized sections. To confirm the vibration suppression capabilities of their proposed system, they performed a theoretical analysis of a thin beam with two magnetized segments subjected to an impulsive force and showed the concept to be viable. Following the proposal of the previous concept, Matsuzaki et al. (2000) performed an experimental study to show the effectiveness of this new vibration control system. However, a partially magnetized beam was not available to them, so a thin beam with a current carrying wire bonded to its surface along with a permanent magnet was used. The system was then implemented to determine if the electromagnetic force generated by the wire was sufficient to suppress the vibration of the beam. The results of their study showed that the force is capable of damping the beam's first few modes of vibration.
A common classroom experiment used to demonstrate eddy current damping is performed by dropping a magnet down a conducting tube and noticing that the magnet falls far slower than a non-magnetic material. The reason that the magnet falls slowly is due to eddy currents generated in the conducting tube, which create a viscous force, causing the magnet to have the appearance that it is falling through honey. Hahn et al. (1998) analyzed this common classroom experiment and constructed a damper using a permanent magnet with a spring attached to each side. The system was then applied to various lengths, radii, thicknesses, and composition pipes to determine the damping effect. A model of the system was developed and compared to the experimental results showing good agreement between the two.
The concept of using a viscoelastic material to dissipate energy from a structure was modified to incorporated magnets by Oh et al. (1999) . They sandwiched a viscoelastic material between magnetic strips that were configured to attract each other in one case and to repel in the other. The damping system was attached to a plate and the frequency response of the system was measured to determine the effectiveness of the damping concept. It was determined that the passive magnetic composite (PMC) treatments functioned best when the magnets were set to attract each other, and reduced the magnitude of vibration of the first, second, and third modes by 40.4%, 83.4%, and 14.88%, respectively. The system was also modeled using finite elements and the results were shown to provide good results. This topic does not investigate eddy current damping but rather a form of magnetic damping and will therefore not be reviewed further. For more information on PMC treatments, see Oh et al. (2000) , Baz and Poh (2000) , Ruzzene et al. (2000) and Omer and Baz (2000) .
Eddy currents can be induced in a conductive material through motional emf where the conductor moves in a stationary magnetic field or transformer emf where the conductor remains stationary and the magnetic source is either varied in intensity or moved relative to the conductor. Graves et al. (2000) used an equivalent circuit technique to analyze rectangular and circular eddy current damping systems for both types of emf generation. They found that in almost all realistic situations, the motional emf devices will have a larger efficiency than the transformer emf devices. However, for the case of a transformer emf device with a circular core, it was found that the maximum device effi-ciency could be made to be approximately one-third greater than that of motional emf devices, but this configuration would have limited functionality. It was also found that for the efficiency of a transformer emf device to be increased, the size of the entire system must also be increased, making these systems unsuited for use in suspension systems. Zheng et al. (2001) studied the effect of a non-conductive beam with a single conductive coil at its tip vibrating in a magnetic field. A non-linear mathematical model of the system was developed to predict the free vibration response of the beam when given an initial displacement. They performed a numerical simulation of model and predicted a strange effect; the damping ratio of the beam is decreased as time progresses. Zheng et al. state that this effect can be generalized to the case of a conductive beam moving in a magnetic field; however, no experiments were performed to validate the accuracy of the model. Like Zheng et al. (2001) , Zheng et al. (2003) performed passive and active magnetic damping on a vibrating beam. In this study, the vibration of a clamped-clamped beam was suppressed using a permanent magnet attached to the beam and an electromagnetic coil attached to the clamped boundary condition. As the beam vibrates, the permanent magnet moves relative to the coil causing eddy currents to be generated. If active control is desired, then current is applied to the coil causing a magnetic force between it and the permanent magnet. The proposed system was modeled and experiments were performed to show the accuracy of the model. It was demonstrated that this concept of damping treatment can effectively add damping to the structure.
The two studies performed by Zheng et al. (2001; ) developed a magnetic damping system for the suppression of beam vibrations. However, neither of these two studies develops damping systems that are realistically functional. In the case of Zheng et al. (2001) , the damping forces generated are extremely small and the accuracy of the model is questionable. The system developed by Zheng et al. (2003) requires a coil to be placed at the clamped boundary condition, in addition to a cumbersome viscoelastic device attached to the beam, making the system difficult to apply. These limitations were partially accounted for when Kwak et al. (2003) proposed a concept for an eddy current damper that could suppress the vibration of a beam. The concept used a flexible linkage with two permanent magnets and a fixed copper plate attached to the end of a cantilever beam. The copper plate was rigidly fixed so that it vibrated with the beam, but the magnets attached to the flexible linkage were able to vibrate with their own dynamics causing the magnets to move past the copper plate and generate eddy currents. The concept was constructed and tested to determine its effectiveness. It was shown through experiments that critical damping of the beam could be achieved using this system. Later, Bae et al. (2004) modified and developed the theoretical model of the eddy current damper constructed by Kwak et al. (2003) . Using this new model, they investigated the damping characteristics of the eddy current damper and simulated the vibration suppression capabilities of a cantilever beam with an attached eddy current damper numerically. The results showed the potential of this eddy current damper for suppressing the vibration of a cantilevered structure. However, while this concept does relieve most of the issues previously found (e.g. Zheng et al. 2003) it is still a cumbersome device and significantly modifies the dynamic response of the beam.
The idea of suppressing the transverse vibration of a beam structure was also studied by Sodano et al. (2004a) . They realized that previous dampers for the suppression of transverse vibrations were either cumbersome or ineffective, and thus sought to make improvements. The concept that resulted consisted of a single permanent magnet located a small distance from the beam with a conductor attached to it. As the beam vibrated, the conductor moved perpendicularly to the face of the magnet, causing eddy currents to be generated by the radial magnetic flux. This interaction of the magnet, conductor, and beam was modeled using electromagnetic field theory and the assumed modes method. Following the development of the mathematical model, experiments were performed to validate its accuracy. The effectiveness of this non-contacting magnetic damper for the suppression of the transverse beam vibrations can be seen by the frequency response of the beam before and after placement of the magnet, which is shown in Figure 3 . This figure shows that the first mode of vibration is significantly reduced by approximately 42.4 dB and the second and third modes are suppressed by 21.9 and 14.3 dB, respectively. One interesting trait of the frequency response shown in Figure 3 is that the dynamics of the beam do not change with the addition of the damper into the system. The reason for this is because the damper is non-contact, and therefore does not cause mass loading or additional stiffness. This point is a crucial one for systems that have been designed with a specific dynamic response, yet require additional damping subsequent to their design. Other methods of damping would alter the desired performance of the system, while the eddy current damper developed by Sodano et al. (2004a) would not. To determine the accuracy of the model, the frequency response of the beam was measured as the distance of the magnet from the beam was varied. Then, from the frequency response data the unified matrix polynomial approach (UMPA) was used to determine the modal damping ratio, which was then compared to the predicted values. The results of these tests are shown in Figure 4 for the case that the conductor is assumed to be of infinite dimensions and the actual dimensions. As can be seen from the figure, the model predicts the damping of the system very well.
Building from the damping system developed by Sodano et al. (2004a) , Sodano et al. (2004b) used the idea that the radial magnetic flux was responsible for the generation of eddy currents to improve the previous damper's effectiveness. To increase the magnitude of the radial magnetic flux applied to the beam, a second magnet was placed on the other side of the beam such that the two magnetic poles facing each other were of opposite polarity. As the two magnets approach each other, a force is developed due to the compression of the magnetic field, as shown in Figure 5 . The compression of the magnetic field is responsible for an increase in the radial magnetic flux and thus an increase in the damping force. The increase in the damping applied to the cantilever beam is apparent from the damped and undamped frequency responses shown in Figure 6 . When two magnets are used, the first mode is critically damped and the magnitude is suppressed by approximately 54 dB; the reductions in the magnitudes of the second, third, and fourth modes are 31, 22.5 and 14 dB, respectively. In addition to improving the effectiveness of the eddy current damping mechanism, Sodano et al. (2004b) improved the accuracy of the mathematical model through the use of the image method to meet the electrical boundary conditions of the conductor. The measured damping ratio of the first mode is compared to the predicted value for the case of the model developed by Sodano et al. (2004a) and for the improved model in Figure 7 . The improvement made in the model accuracy and the increase in damping are clearly evident.
While the use of two magnets increases the amount of damping applied to the structure, in many cases a magnet cannot be placed on both sides of the structure. One structure that must have one side unobstructed and poses numerous obstacles for vibration suppression is the membrane used in inflatable space structure applications such as solar sails. The membrane is a difficult structure to control because of the extreme flexibility which limits the choice of actuation methods. The eddy current damper is an ideal choice for a damper used with membranes due to its non-contact nature, which allows the damper to avoid local deformation and stiffening of the membrane. However, the eddy current density and damping force are directly proportional to the thickness of the conductive material; thus, it is questionable as to whether the thin structures used for membranes will be able to develop sufficient forces to suppress the membrane vibration. Therefore, Sodano et al. (2004c) used the eddy current damper developed by Sodano et al. (2004a) to suppress the vibration of a thin membrane. The membrane system was modeled and experiments were performed in both ambient and vacuum conditions to identify the accuracy of the model and to show the functionality of the eddy current damper at vacuum pressure. It was found that the eddy current damper could indeed suppress the vibration of the membrane and that the model could accurately predict the damping ratio of the fist mode. With the eddy current damper, the damping ratio of the membrane was increased to 0.3 at ambient pressure and 0.25 at vacuum pressure.
Future of Eddy Current Damping
The assortment of papers that have been reviewed in this paper shows that use of eddy current dampers has seen a number of diverse applications. However, many of the applications are not directed towards the commercial market and are developed to suit a niche field. The eddy current damper does have numerous advantages over other damping systems. For instance, due to the non-contact nature of the damper it does not change the dynamics of the structure or cause mass loading and added stiffness, as many other damping mechanisms do. Additionally, because the damper does not contact the structure, there is no need for a viscous fluid, seals, or the periodic maintenance needed by many other damping and braking systems. Furthermore, eddy current damping systems are easy to install, and the damping force can easily be controlled through adjustment of the position or strength of the magnets.
The question left unanswered is, where will eddy current damping mechanisms be in the future? There are several locations that are particularly well suited for eddy current dampers, but perhaps the most promising is in space. The advantages listed above provide a combination of attributes that are not available in other damping mechanisms. When a device is placed into orbit, the system must function for its entire lifespan without requiring any type of maintenance. This can place limitations on the type of damper used, leaving few systems left. Perhaps the two damping systems that require the least amount of maintenance after their placement are eddy current dampers and constrained layer damping. The drawback of constrained layer damping is that it modifies the system's structural properties, while the drawback of the eddy current damper is that it typically requires a second structure to support the magnets. However, the extremely cold temperatures that are present in space actually improve the damping performance of the eddy current damper, due to the decrease in resistivity of the conductor. The opposite is the case for constrained layer damping treatments, because the extreme cold can cause stiffening of the viscoelastic material and the vacuum pressure could cause outgassing if not properly sealed, thus making their use in space problematic. The use of these dampers in space may be the key to developing better eddy current technology that may open a commercial market.
One commercial market that may be a key location for eddy current damping is the vibration absorbers used in vehicles. The dampers currently used tend to require replacement throughout the life of the automobile and lose effectiveness over time. The eddy current damper could potentially replace these devices if sufficient research were carried out. A second area of the automobile that may benefit from the use of eddy currents is the braking system. The use of eddy currents for braking purposes could potentially lead to regenerative braking that would reduce the amount of electrical energy required to power the electromagnets. The automobile market is a key commercial market that can typically open doors for the technology used.
Finally, the use of eddy currents for active damping mechanisms may allow a more effective damper to be developed. The use of eddy current dampers as active control mechanisms is limited in the current literature. One application that may be effective is to displace the magnet relative to the moving conductor, in an attempt to increase the net velocity between the two devices and instigate a higher damping force. Other active control methods may use electromagnets to damp vibrations out. If the amount of research into eddy current damping continues to grow, this type of damper will surely find its way out of niche applications and into the commercial market.
